Abstract
Introduction
angle of 60°, an angle in the middle of the linear range of movement of the FeCO apodeme (Field 140 and Burrows 1982). The apodeme was then exposed by opening a window of cuticle in the distal 141 anterior femur ( Fig. 1A,B ; see Burrows 1987b for a more detailed description), grasped between the 142 tips of fine forceps attached to a vibrator (Ling Altec 101) and cut distal to the forceps.
143
To gain access to the central nervous system a small window was cut in the ventral thorax to 144 expose the meso-and metathoracic ganglia that were then supported on a wax-coated silver 
FeCO Stimulation

156
The forceps holding the chordotonal organ apodeme were moved with a Gaussian white 157 noise (GWN) signal produced by filtering a pseudorandom binary sequence generated by a random where it was analyzed using in-house software.
166
In the context of this study, we defined the input signal as the GWN stimulus described 167 above (0 -27 Hz) and the output signal as the resulting synaptic potentials in the interneuron; from 168 a physiological point of view, the latter can be considered the physiological input stimulus to the 169 spiking interneuron.
171
Data analysis
172
The Wiener kernel method is robust to additive and uncorrelated white noise (Schetzen 1981 ) 173 and convenient in terms of its simplicity in computation and integration making it an ideal method 174 for modeling the input-output relationships of neuronal control systems. It is also a powerful value of zero), the Wiener method allows the output signal to be decomposed into a series of 179 uncorrelated (orthogonal) components. These are constructed from Wiener kernels (Fig. 1C, E) , 180 applied to the input signal. In this study, the input signal (denoted by u(t)) is the GWN that 181 modulates the change in length of the FeCO apodeme, and the system output (denoted by y(t)) is the 182 response (synaptic potential) recorded from the spiking local interneurons (Fig. 1A-D cross correlation between y(t) and u(t-τ) ); u(t-τ) is the delayed version of the input; P is the power
) of the input.
204
Since u(t) is Gaussian white noise, 
The second-order kernel ) , ( 
provided that the input is GWN. In the current work the kernels were estimated using the Lee- 27 Hz) are shown (Fig. 1F) together with the corresponding frequency responses (Fig. 1G) . and shows a frequency response with a linear increase (20dB/dec, Fig. 1G ). An acceleration 236 sensitive interneuron has a triphasic first-order kernel (and an even greater slope in its frequency 237 response (40dB/dec) (Fig. 1G) .
238
While the first-order kernel would be sufficient to describe the dynamic characteristics of an integrates stimuli over time (Fig. 1E ). For example, the shape, size and position of the dominant 242 peak in a second order kernel shows how the present activity of an interneuron is influenced by 243 inputs occurring at two previous points in time (t-τ 1 and t-τ 2 ). The dominant peak in the second-
244
order kernel for the interneuron in Figure 1E is narrow and elongated along the diagonal (where τ 1 =
245
τ 2 ) and reaches its maximum 40ms after the stimulus onset.
246
Combining (by addition, see Eq. 1) the first-and second-order models can reveal how the 247 linear and non-linear characteristics of the interneuron interact in the production of a response. In 248 the example of the interneuron in Fig 1H, dynamics of the population of interneurons as a whole (Fig. 2Ai) . The first-order kernel of the 258 synaptic response of an interneuron with no spikes is mainly monophasic (Fig. 2Aii) , which Fig. 1H ). An analysis of the interneuron's response in the frequency domain revealed 266 that it had a relatively flat gain at low frequencies, which gradually declines above 5Hz (Fig. 2Aiii) .
267
Taken together these results indicate that the interneuron was position sensitive, had a low-passed impact on the response characteristics we carried out the analysis with and without pre-processing.
275
We found that the kernels were not greatly affected by spiking (Fig. 2B ) either through low-pass 276 filtering with a cut-off frequency at 90Hz, or truncation of each spike with replacement of these 277 samples by linear interpolation of samples from either side of the spike (Fig. 2C) . Based on these The kernels in group 1 (14 interneurons) were however principally monophasic with approximately Dynamic properties of the second-order kernels 318 We used the second-order kernels to investigate the nonlinear dynamics of the spiking local positive peaks closely beside (Fig. 5A, B) . We used the dominant sensitive area to separate group 1 330 interneurons into two subgroups ( Fig. 5Ai and Aii). Interneurons in the first subgroup had kernels 331 with a long inhibitory area on the diagonal with peaks at τ 1 = τ 2 =30ms (Fig. 5Ai) . Interneurons of 332 the second subgroup had circular inhibitory areas that peaked closer to the origin (τ 1 = τ 2 =20ms)
333 and were smaller in size than the previous subgroup (Fig. 5Aii) ; these interneurons also had faster 334 first-order responses. The kernels of the interneurons in the second subgroup 2 (Fig. 5Aii ) therefore 335 responded faster and were more sensitive to changes in the input compared to the first subgroup 336 (Fig. 5Ai) .
337
A similar trend was found in the velocity-sensitive (group 2) interneurons ( were therefore more sensitive and faster to respond to stimulus changes (which is typical of velocity 341 sensitive neurons). Group 3 interneurons (flexion/position sensitive) had fast peak times for the 342 second-order kernels that were consistent with those for the first-order kernels.
344
Using Wiener kernel models to predict the response of a system to arbitrary stimuli 345 We evaluated the three groups defined by Wiener kernel analysis by analyzing the model ±2.18% (mean ± standard error of the mean, SEM) (Fig. 7A) ; 43.7% was the highest fit obtained,
369
and in more than half of the cases, the linear models predict less than 20% of the synaptic response.
370
The nonlinear models had an average fit of 32.0±2.3% and maximum of 55.5% with most models 371 predicting between 20% and 50% of the response measured in the interneurons (see Fig. 7C ).
372
To assess the relative contributions made by the linear and non-linear components of the 373 model, we expressed the linear fit as a percentage of the total fit (Fig. 7B) . We then classified showed that these (as expected) received both excitatory and inhibitory inputs (Fig. 7D) . It should 377 be emphasized that this visual inspection was carried out blind, i.e. without knowledge of the 378 kernels for that recording. Of the remaining interneurons, 10 had predominantly nonlinear dynamics.
379
Comparing the predictive power of the models with the interneuron groups described earlier 380 16 (Fig. 4) showed that interneurons receiving excitatory and inhibitory synaptic inputs belonged to 
411
The ventral midline population of spiking interneurons receive inputs from the FeCO and 
Spiking local interneurones of the midline population
424
In a morphological study of the ventral midline population of spiking local interneurons 
468
Our results suggests that all interneurons were either sensitive to extension or to both 469 extension and flexion (no interneurons were found to solely respond to flexion), and most (25 of 29)
470
showed an inhibitory response to tibial extension, as was also found in stick insects (Büschges, Population coding by spiking local interneurons 488 We found that the set of estimated kernels from the interneurons were similar in overall 
499
To our knowledge, this is the first description of a group of interneurons using population 500 coding for sensory information in the production of reflex movement. These results could provide The use of Wiener kernel analysis means that not only were we able to precisely quantify 528 the linear and nonlinear responses to GWN inputs but that the methods produced robust 529 mathematical models that were used to test an interneuron's response to any arbitrary input. The residual signal were smaller than ongoing spontaneous activity.
539
Interneurons that received mixed (excitatory and inhibitory) input behaved more linearly 540 than those interneurons that received only one kind, which again was expected, since in order for a 541 spiking local interneuron to behave linearly it must be excited by imposed movement in one 
832
This trend was continued for the peaks of the kernels of the interneurons in group 3 (C).
833
Interneurons belonging to the first and second groups had dominant negative peaks while 
